Abstract: Carbon nanofibers were fabricated by electrospinning with various concentrations of MnO 2 , carbonization and activation processing for supercapacitor applications. Microstructure and electrochemical properties were characterized by scanning electron microscopy (SEM), the 4-point probe method, and a battery cycler system. It was observed that 8-20 wt.% MnO 2 /PAN nanofibers had 190-260 nm diameters. The diameter decreased with increasing MnO 2 concentration, but it increased for concentrations greater than 16 wt.%. The 16 wt.% MnO 2 solution produced the nanofibers with the smallest diameter. The nanofibers showed capacitor characteristics when fabricated into electrodes, and their electrical conductivity and capacitance increased with increasing MnO 2 concentration. The 20 wt.% MnO 2 /PAN carbon nanofibers showed the highest electrical conductivity value (2.82×10 -3 S/cm) and the highest capacitance value (186.28 F/g), which indicates their potential for development of supercapacitor electrodes.
Introduction
The demands for higher power devices are increasing with the emergence of multifunction communication systems in the 21st century. To satisfy these demands, much effort has been devoted to the development of secondary batteries and supercapacitors. In particular, technology for higher efficiency supercapacitors is being researched for hybrid electric vehicles, mobile electric devices, and military and satellite applications.
Supercapacitors, or electrochemical double layer capacitors (EDLC), are usually used in systems with high power requirements because of their superior charge/discharge characteristics and good cycling performance compared to secondary batteries (Atsushi et al. [1] ).
Supercapacitors consist of an electrode (Satoshi et al. [2] ; Chi-Chang et al. [3] );Deyang et al. [4] ; Jeong Hyeok et al. [5] ) , an electrolyte (Shinji et al. [6] ), and a separator surrounded by a case. The electrode materials must have good electrical conductivity, a high specific surface area and electrochemical stability. Electrodes with activated carbon or activated carbon fibers (Sang-Uck et al. [7] ) are common in supercapacitor applications.
Metal oxides (RuO 2 , IrO 2 , NiO, MnO, etc.) that have a smaller resistance than activated carbon can be used as electrodes in supercapacitors that have a high power density, but the price of these materials is very high (T.Y. Chang et al. [8] ; M, Ramani et al. [9] ; Bin et al [10] ). Recently, carbon nanofibers prepared by electrospinning with conductive polymer have been studied extensively for supercapacitor applications because of their high specific capacitance and high energy density (Bin et al. [11] ; K. Leitner et al. [12] ; Masashi et al. [13] ).
Polymeric nanofibers with 100-800 nm diameters can be produced easily by applying a high voltage to a polymer solution or polymer melt. With this electrospinning method, the diameter of the fiber can be adjusted by varying the polymeric solution and the electrospinning conditions. Even with the same polymer material, tuning the electrospinning conditions can lead to both bead formation and film formation (J. M. Deitzel et al. [14] ; Weiping et al. [15] ). Generally, the concentration, viscosity, and surface tension of the polymeric solution are the major factors that affect the characteristics of the resulting nanofibers. The diameter of the tip, the applied voltage, and the distance between the tip and the collector are also known to affect the shape of the nanofibers (C. J. Thompson et al. [16] ; Darrell H et al. [17] ; Jason et al. [18] ). Since the invention of the electrospinning method, many polymeric materials have been produced in the form of nanofibers. Organic or inorganic additives in organic polymeric solutions are known to lead to synergistic effects with the properties of the nanofibers.
In this work, a carbon nanofiber formed by the elecrospinning method from a DMF (N,N-dimethyl formamide) solution of PAN (polyacrylonitrile) and MnO 2 was studied to assess its viability for supercapacitor applications. The effect of the MnO 2 additive on the morphological and electrochemical characteristics of the fibers was also investigated. As shown in Fig. 2 , the diameters of the nanofibers decrease with increasing MnO 2 concentration until the MnO 2 concentration reaches 16 wt.%. At higher concentrations of MnO 2 , the diameters of the nanofibers increase. It is thought that the advanced electrospinning reduces the diameters of the nanofibers. The addition of MnO 2 to the PAN solution not only improves the electrical properties of the nanofibers but also reduces their diameters. This is due to the increased whipping instability and the bending and splitting of the nanofibers as the concentration of MnO 2 is increased (C. J. Thompson et al [16] ; Darrell H et al. [17] , Jason et al. [18] ). Larger nanofibers and the presence of random beads above MnO 2 concentrations of 16 wt.% are caused by the increased viscosity of the polymer solutions.
Results and discussion
After electrospinning, activated carbon nanofibers were prepared by oxidation, carbonization and an activation process in order to fabricate electrodes for supercapacitors. Fig. 3 shows the activated carbon nanofibers after oxidation, carbonization and activation. The diameter of activated carbon nanofibers is less than that of the initial nanofibers due to the electrospinning process, which might remove impurities and nonvolatile solvent from the nanofibers (Fig. 4) . The electrical conductivity of the activated carbon nanofibers increased as the amount of MnO 2 added to the PAN solution increased, as presented in Table. 1. 
Experimental part
The electrospinning solution was synthesized by a general wet processing technique. MnO 2 was added in small amounts (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) wt.%) to a solution of PAN (Polyacrylonitrile, d=1.184, 181315, Aldrich) and DMF (N,N-dimethyl formamide, DaeJung Chemical Co., Korea) while the solution was stirred. The solution was then stirred for an additional 40 minutes at 70 0 C. After the solution had completely dissolved, it was further sonicated for 12 hours. The prepared solutions were stirred at room temperature until the electrospinning step.
Electrospinning was performed with a high voltage producer (model: NT-PS-35K, NTSEE, Korea) at a voltage of 16 kV and a distance of 15 cm between the tip and collector, with a flux of 1 ml/h. The morphology of the nanofibers after electrospinning was characterized by SEM (Scanning Electron Microscope, model: Jeol JSM-6460LV).
The electrospun nanofibers were oxidized with a hot wind drier (SamWoo Science Co., Korea) for 1 hour at 280 0 C for stabilization. The stabilized nanofibers were dark brown in color. The nanofibers were then carbonized by baking them for 1hour at 800 0 C in a N 2 atmosphere in an electric furnace. Carbonization was followed by the activation process, which involved drying the fibers at 800 0 C for 1 hour in a N 2 :H 2 O atmosphere with a ratio of 7:3.
Using expression (1) below, electrical conductivity was calculated from the resistance measured by the 4-point probe method, which requires an electric power supply system (Model 3387 -11, Kotronix) and a voltage measurement system (Model 2041, Kotronix)
ρ = R × (Ω × cm)
(1) A 1.5 cm x 1.5 cm electrode was prepared with the activated nanofibers. A bi-cell based on the electrode was assembled with an electrolytic 6M KOH aqueous solution and a 50 µm nickel current collector. The behavior of the capacitor and the specific capacitance were measured with a potentiometer that used a battery cycler (WBCS 3000, Won A Tech Co., Korea). In the voltage range of 0-0.9V, the voltage was cycled at a current density of 1mA/cm 2 and a scan rate of 20mV/s.
